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Introduction. Ring-opening polymerizations of lac- 
tones are well-known to afford corresponding polyesters 
in good yields.lv2 However, generally five-membered 
lactones such as y-butyrolactone do not polymerize to the 
corresponding polyesters a t  a l L 1 p 2  Therefore, achievement 
of ring-opening polymerization of y-butyrolactones is one 
of the important subjects in the field of polymer 
~ynthesis.~" Two homopolymerizations of bicyclic y-bu- 
tyrolactones have been reported by Hall4 and Okada,5 but 
no high molecular weight polymer has been obtained. 
Copolymerizations of y-butyrolactones with other lactones 
or cyclic ethers have been attempted so far, but no efficient 
introduction of the y-butyrolactone unit has been accom- 
plishedS6 In the course of our study on ring-opening 
polymerization of y-butyrolactones, we recently examined 
anionic homopolymerization of a bicyclic bis(y-butyro- 
lactone) (1) but no corresponding polyester was obtained 
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at all. Meanwhile, i t  was found that 1 copolymerized very 
efficiently with epoxides to afford the corresponding 
alternating copolymers (2) in good  yield^.^ During the 
development of homopolymerizable monomers which 
contain a y-butyrolactone structure, we have designed a 
spirocyclic y-butyrolactone (3) as one potential candidate. 
In this paper, we describe the efficient ring-opening 
polymerization of this y-butyrolactone derivative. This 
polymerization can also be regarded as the first anionic 
double ring-opening polymerization. 

Results and Discussion. The anionic polymerization 
of 3 (Scheme I)8 with potassium tert-butoxide (5 mol %) 
was carried out at  room temperature in tetrahydrofuran 
(THF) for 2 h.9 Quantitative conversion of 3 was confirmed 
by lH NMR of the polymerization mixture. A gel 
permeation chromatograph (GPC) of the polymerization 
mixture indicated formatiop of a polymer with a number- 
average molecular weight (M,) of 9600. The polymer was 
isolated as a white powder by precipitation with methanol 
(yield 91%) (Table I, run 1). An IR spectrum of the 
polymer showed the absence of a lactone carbonyl ab- 
sorption (1769 cm-') and the presence of an ester carbonyl 
absorption (1734 cm-'). In the lH NMR spectrum 
multiplet signals corresponding to the benzylic methine 
protons were observed around 6.11 ppm with a reasonable 
integration ratio, other than those of aromatic (7.69-6.90 
ppm) and the tett-butyl protons originating from the 
initiator (1.29 ppm) (Figure 1A). Therefore, the structure 
of the polymer was confirmed to be that of polyester 4 
which might be formed via a double ring-opening poly- 
merization with isomerization. In the I3C NMR spectrum 
of the polymer neither the spiro carbon (124.3 ppm) nor 
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Figure 1. 'H NMR spectra of polymer 4 (an = 9400) (A) and 
1:l adduct 5 (B) in CDC13. 

Scheme I 

Table I 
Anionic Polymerization of 3. 

~~ ~ 

run. THF temp convb yield' 
no. initiator (M) ('(2) ( % I  ( % I  M n ( M w l M J d  
1 t-BuOK 1.0 rte 100 91 9600 (1.59) 
2 t-BuOK 0.5 r t  100 76 6500(1.56) 
3 MeLi 1.0 0 100 90 7400 (1.13) 
4 MeLi 1.0 rt 100 90 loo00 (1.14) 

Polymerization conditions: monomer (0.5 mmol), initiator (5.0 
mol %), 2 h. Determined by 'H NMR. Methanol-insoluble poly- 
mer. d Estimated by GPC (based on PSt standards). e Room tem- 
perature. 

Scheme I1 

the lactone carbon signal (167.0 ppm) was observed. On 
the other hand, the ester carbon signal appeared at  165 
ppm, supporting the polyester structure of 4. 

A model reaction of 3 with an equimolar amount of 
sodium methoxide at  room temperature for 15 min in 
methanol resulted in formation of a hydroxy ester (6; 
Scheme 11) in 65% yield along with dimethyl phthalate 
(38 mol % ) and 1,2-diphenylethyleneglycol(32 mol % ) as 
the secondary products. The lH NMR spectrum of 6 
showed signals due to benzylic protons adjacent to an ester 
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Scheme I11 
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oxygen at  6.16-6.07 ppm and aromatic protons at 7.85- 
7.15 ppm. The 'H NMR spectra of 5 and 4 show 
considerable similarities which may be explained by a 
similar structure as proposed for 4. 

From the above-mentioned results, we propose as a 
mechanism for the anionic polymerization of 3 to polyester 
4 the tandem double ring-opening reaction involving an 
isomerization, as indicated in Scheme 111. 

Usually y-butyrolactones show a quite low probability 
in view of homopolymerization, which is explained by a 
difference in rate constants in favor of recyclization to 
monomer versus ring-opening polymerization. The suc- 
cessful homopolymerization of the y-butyrolactone de- 
rivative 3 might be explained by a reduced degree of 
"backbiting" caused by increased ring strain in the 
spirocyclic molecule. Furthermore, cyclization of the 
propagating species (7) to a cyclic diester (81, which can 
be assumed to be formed via an eight-membered ring as 
the transition state is expected to be disfavored for entropic 
reasons.l0 Judging from the NMR data, which show 
considerable incorporation in the polymer of tert-butyl 
end groups originating from the initiator, we can also rule 
out a significant formation of macrocycles via a backbiting 
mechanism (Figure 1A). If macrocycle formation, recy- 
clization to the monomer or a cyclic diester, and chain 
transfer by the attack of another polymer chain occur on 
a negligible level, we can regard the polymerization to be 
a living nature. Methyllithium (MeLi) was chosen as the 
initiator because it reacts as a stronger nucleophile 
compared with potassium tert-butoxide; the lithium cation 
may suppress the transfer reaction to a greater extent than 
the potassium cation reacts as. 

Anionic polymerization with MeLi under similar con- 
ditions proceeded efficiently to give pol esters 4 with 
narrow molecul@ weight distributions (&I&,, = 1.13- 
1.14) in high yields (Table I, runs 1 and 2). Furthermore, 
the polymerization showed a good linear relationship 
between &in of 4 and the conversion of 3 (Figure 2). The an increased with an increase in the conversion of 3. These 
results appear to reveal a slow transfer reaction or 
backbiting in the polymerization of 3. 
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Figure 2. Relationship betweenMn andMw/M,, of 4 vs conversion 
of spirocyclic y-butyrolactone (3) in the polymerization of 3 with 
MeLi in THF at 0 "C. 

Thus, we have succeeded in achieving anionic ring- 
opening polymerization of a spirocyclic y-butyrolactone 
derivative (3), a monomer having a y-butyrolactone 
skeleton, which efficiently polymerizes via tandem double 
ring opening with concurrent isomerization to yield the 
corresponding polyester (4). 
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